An x-ray powder diffraction experiment on solid HS was performed with a diamond anvil cell and an image plate to determine the unknown structures of phases I' and IV up to 25 GPa at room temperature. The structures of phases I' and IV were found to be cubic T4 -P213 and tetragonal D204h -I41/acd, respectively. In phase I', the HS molecule had 6-fold asymmetric coordination which brought a displacement from face-center. In phase IV, the molecules were found to form spiral chains along the c axis with partial loss of molecularity. The chains were linked by hydrogen bonds.
Introduction
Hydrogen sulfide HS forms a molecular solid in which the molecules are bound by hydrogen bonds as H2O molecules in ice. The P-T phase diagram of H2S is very different from that of H2O ice in spite of the similarities in their molecular structures and hydrogen bonds. Many high pressure studies have been done intensively in the last five years.
Five crystalline phases are known under pressure at room temperature as follows: (1) Phase I between 0.47 to 8 GPa has an fcc (O5h -Fm3m) structure with orientationally disordered hydrogen bonds. (2) Phase I', which has been found by an x-ray experiment between 8 and 11 GPa at room temperature, has a primitive cubic lattice (T4 -P213) [1] , but its atomic parameter has not been determined yet. (3) Phase IV is shown to exist above 11 GPa [2] , which has thin yellow color. It is stable over an extended temperature region from 30 to 300 K under high pressure [3] . Its structure is still unknown. (4) Phase V has been found by an x-ray experiment above 27.5 GPa [4] at room temperature. The color of phase V is black. An infrared (IR) absorption measurement [5] has shown presence of hydrogen bond system in phase V to 45 GPa. (5) Our recent IR experiment up to 100 GPa has revealed a transition to phase VI with dissociation of HS molecules above 46 GPa [6] . We have also found that HS becomes metallic around 96 GPa.
The optical properties have been intensively studied for solid H2S under pressure, however, the structures have remained very uncertain. Therefore we started an x-ray powder diffraction experiment on H2S with a diamond anvil cell (DAC) and Rietveld analysis. In the present study, we focused on phases I' and IV, and discussed their structural features.
Experimental
We prepared H2S powder specimen as follows: Gaseous H2S was introduced in a stainless steel bowl cooled to 77 K and was solidified in the bowl. Then it was ground into fine powders and was subsequently mounted on a gasketted diamond anvil cooled down to 77 K. The DAC was immediately closed and pressurized to a few GPa. This specimen loading procedure Rietveld analysis. We assumed that hydrogen atoms are located on the lines between the first nearest S-S distance (3.419A :
6-fold) and at S-H distance of 1.3 A. Then the positions of hydrogen atoms are given with sites of H1 12b : (x=0.430, y=0.248, z=0.058) and H2 12b : (0.050, 0.248, 0.058) as drawn with dark and light grays in Fig. 3 , respectively. Molecules should be flipping (not ordered) to occupy these sites with an equal probability of one third to keep the first nearest S-S distance 6-fold. Such disordering in phase I' was suggested by a Raman experiment [3] .
When we compare this six coordination of phase I' with the twelve coordination of low temperature phase II (T6h-Pa3) [7] , a close relation between them can be found. The molecular symmetry in phase I' is C3v -3m as shown in Fig . 3 (b) . Two hydrogen atoms should be paired like 1-1', 2-2', and 3-3' as labeled, since this pairing makes a reasonable molecular bond angle of 92.3 degrees which is very close to that of a free molecule. The molecular symmetry in phase II is D3d -3m as shown in Fig. 3 (c) . In this case, two hydrogen atoms should be paired like 1-1', , , 6-6' to make a bond angle approximately 90 degrees. The atomic configuration in phase I' is obtained simply by losing an inversion center from that in phase II. This could occur when the molecular rotations are partially frozen by compression. This asymmetricity is responsible for the displacement of the sulfur atom along the <111> direction from the face-centered position in phase I'.
The structure of phase IV has the characteristic feature of spiral chains along the c axis as shown with solid lines in Fig.  4 . An intrachain S-S bond, which has never been seen in lower pressure phases, would cause thin yellow color of phase IV to Raman study [2] has shown that the symmetric S-H stretching frequency v, drops constantly with pressure (dv1/dp= -10.1 cm-1 / GPa) up to 23 GPa. This can be explained by our model where hydrogen bonded S-S distances in phases I and I' can connect smoothly with the second nearest S-S distance in phase IV rather than the first nearest one as shown in Fig. 2 . The spiral chain structure has never been seen in any phases of HO even after molecular dissociation. A variety of polymorphs in HS must be derived from a coexistence of hydrogen and covalent bonds. As described our previous IR study [6] , optical properties of phase VI and elemental sulfur behave similarly above 46 GPa. This has been interpreted that three-dimensional S-S covalent bonds are associated, then hydrogen atoms move to interstitial positions in phase VI.
Accordingly, successive transitions from IV, V, to VI would be characterized by losing hydrogen bonds and molecularity, and an increasing covalency of the S-S bonds.
The x-ray powder diffraction gave useful information to understand the bonding state of solid H2S. Theoretical calculations would help to understand why such spiral structure is formed, and how a hydrogen bond influences phase transitions.
Further study should be done for higher pressure phases V and VI successively appearing along the isothermal compression at room temperature toward molecular dissociation and metallization.
